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ABSTRACT 
A s  p a r t  o f  t h e  C i v i l  Space T e c h n o l o g y  I n i t i a -  I 
t i v e  ( C S T I )  f idvanced T e c h n o l o g y  p r o g r a m ,  a concep-  
t u a l  a e s i g n  o f  t h e  S t i r l i n g  space d n g i n e  ( S S E )  was 
g e f i e r a t e d .  The o v e r a l l  g c a l  o f  t n d  C S T I  h i g h  
c a p a c i t y  power e l e m e n t  i s  t o  d e v e l o p  t h e  t e c h n o l o g y  
base needed t o  meet t h e  l o n g  d u r a t i o n ,  h i g h  
0-l U') c a p a c i t y  power r e q u i r e m e n t s  f o r  f u t u r e  PIASA space 
d co m i s s i o n s .  The f r e e - p i s t o n  S t i r l i n g  e n g i n e  ( F P S E )  
1 has been chosen as t h e  g r c w t h  o p t i o n  i n  t hc  C S T I  
W 
p r o g r a m .  A major  g o a l  d u i  i n g  t h e  c o n c e p t u a l  d e s i g n  
o f  t h e  S S E  w a s  t o  r ? d u c e  t h e  number o f  c r i t i c a l  
j o i n t s .  One a r e a  o f  c o l i c e r n  was t h e  h e a t  exchanger  
a s s e m t l i e s  t h a t  t y p i c a l l y  have t h e  m a j o r i t j  o f  
c r i t i c a l  j o i n t s .  The s o l u t i o n  p r o p o s e d  i n  t h e  SSE 
c o n c e p t u a l  d e s i g n  used 45 m o d u l a r  h e a t  e x c h a n g e r s .  
Each modu le  nas  i t s  own i n t e g r a l  h e a t  p i p e  t o  
t r a n s p o r t  h e a t  f r o m  t h e  h e a t  s o u r c e  t o  t h e  e n g i n e .  
P d e m o n s t r a t i o n  o f  t h e  m o d u l a r  conceDt  was 
u n d e r t a k e n  b e f o r e  c o m m i t t i n g  t o  t h e  d e t a i l e d  d e s i g n  
o f  t h e  SSE h e a t  e x c h a n g e r s .  An e x i s t i n g  FPSE was 
m o d i f i e d  as a t e s t  bed for m o d u l a r  h e a t  exchanger  
e v a l u a t i o n .  The e n g i n e  i n c o r p o r a t e d  t h r e e  h e a t  
e x c h a n g e r  modu les ,  each h a v i n g  a sod ium f i l l e d  h e a t  
p i p e .  The t h e r m a l  l o a d i n g  o f  t h e s e  modu les  was 
i n t e n d e d  t o  be s i m i l a r  t o  t h e  c o n d i t i o n s  p r o j e c t e d  
f o r  t h e  SSE m o d u l e s .  The e n g i n e  was assemb led  and 
t e s t s  a r e  underway .  
T h i s  p a p e r  b r i e f l y  d e s c r i b e s  t h e  d e s i g n  and 
f a b r i c a t i o n  G f  t h e  h e a t  e x c h a n g e r  modu les  and t h e  
e n g i n e  used for t h e s e  t e s t s .  E v a l u a t i o n  of t h e  
i n d i v i d u a l  h e a t  p i p e s  b e f o r e  i n s t a l l a t i o n  i n  t h e  
e n g i n e  i s  d e s c r i b e d .  The i n i t i a l  t e s t  r e s u l t s  
w i t h  t h e  modu les  i n  o p e r a t i o n  o n  t h e  e n g i n e  are 
p r e s e n t e d .  F u t u r e  t e s t s  i n v o l v i n g  t h e  e n g i n e  a r e  
o u t 1  i ned.  
INTRODUCTION 
The f r e e - p i s t o n  S t i r l i n g  e n g i n e  ( F P S E )  has 
been chosen  as  t h e  g r o w t h  o p t l o n  for  t h e  C i v i l  
Space T e c h n o l o g y  I n i t i a t i v e  ( C S T I )  Advanced Tech- 
n o l o g y  p r o g r a m .  The g o a l  o f  t h i s  p r o g r a m  i s  t o  
d e v e l o p  t h e  t e c h n o l o g y  needed t o  a l l o w  f o r  t h e  
d e v e l o p m e n t  o f  a 100 kN e l e c t r i c  power s y s t e m  f o r  
u s e  i n  f u t u r e  space m i s s i o n s .  H e a t  w i l l  be g e n e r -  
a t e d  b y  a n u c l e a r  r e a c t o r  and t h e  S t i r l i n g  e n g i n e  
N i l 1  t h e n  be used t o  c o n v e r t  t h a t  h e a t  t o  e l e c t r i c -  
i t y  t h r o u g h  a f r e e - p i s t o n  S t i r l i n g  e n g i n e l l  i n e a r  
a l t e r n a t o r  c o n f i g u r a t i o n .  
4s d p a r t  s f  t h i s  Advariied T ? c h c ? i o g y  Zrogram.  
t h e  c o i c e p t u a l  d e s i g n  c f  a f r e e - a i s : o n  S t i - l i n g  
s 3 a - e  e n g i n e  ( S S E )  v ios  g c n e i ' a t e d .  - h i ;  N a s  p e r -  
f \ j . -me: ,.noer a NASA c f i ; l r r 'ac t  and ?.ai seen :epor;ezi 
i n  k e f .  I .  I h c  i 7 i  " C  !'";50 K ;  s11pe:di Io: ;  5c lE i j  
ai- i n t e t m e d i a t e  t e s t  r j n d i t i o n  oetviee' i  t h c  3!7 "C  
(653 K) space power a e n o n s t r a t o r  e n g i n e  ( S P C E )  ana 
t h e  e v e r t t u a i  IO27 O C  ( 1 3 0 0  K )  r e f r a c : o r y  v e r s i o n  
of t h e  SSE. For  n u c l e a r  space power a p p l i c a t i o n s ,  
s j ' ; t t . m  c p t i m i z a t i o n  b i . j e d  c n  min imum n a s s  : n d i c a t e s  
t h d t  the,:e 2 n g i n e s  shc.. i ld o p e r a t e  w i t h  t h e  remce-a -  
t u r e  r a t i o  a t  2 . 0 .  
The SSE i s  a s i n g l e  c y l i n d e r  f r e e - p i s ; o n  
S t i r l i n g  e n g i n e  ( F P S E )  d e s i g n e d  t o  p r o d u c e  2 5  kW 
of e l e c t r i c  power .  The e n g i n e  mus t  s a t i s f y  b o t h  
e f f i c i e n c y  and mass g o a i s  w h i l e  o p e r a t i n g  a t  a t e m -  
p e r a t u r e  r a t i o  of  2 .0 .  The d i f f i c u l t i e s  i n  c r e a t -  
i n g  a h i g h l y  e f f i c i e r i t  and l o w  mass FPSE w h i l e  
b e i n g  l i m i t e d  t o  a t e m p e r a t u r e  r a t i o  o f  2 .0 ,  was 
f i r s t  i n v e s t i g a t e d  w i t h  t h e  SPDE.  The SPDE p r o g r a m  
has been r e p o r t e d  i n  R e f s .  2 t o  4 .  
F u t u r e  m i s s i o n s  u t i l i z i n g  t h e  C S T I  power s y s -  
t e m  r e q u i r e  b o t h  l o n g  l i f e  and r e l i a b i l i t y .  These 
r e q u i r e m e n t s  caused  t h e  SSE d e s i g n e r s  t o  p r o p o s e  a 
u n i q u e  h e a t  exchanger  module conceDt  t h a t  w o u l d  
d r a s t i c a l l y  r e d u c e  t h e  number o f  c r i t i c a l  j o i n t s .  
T h i s  m o d u l a r  h e a t  e x c h a n g e r  was p r o p o s e d  as a 
r e p l a c e m e n t  f o r  t h e  p r e v i o u s l y  used t u b e  and s h e l l  
h e a t  e x c h a n g e r .  
O n l y  40 h e a t  exchanger  modu les  a r e  r e q u i r e d  
t o  power t h e  25  kW S S E .  T h i s  was c o n s i d e r e d  an 
improvemen t  o v e r  p r e v i o u s  h e a t  e x c h a n g e r  d e s i g n s  
such as u s e d  i n  t h e  SPDE w h i c h  had a p p r o x i m a t e l y  
3200 b r a z e d  t u b e s  i n  t h e  h e a t e r  and 3800 b r a z e d  
t u b e s  i n  t h e  c o o l e r .  The l a r g e r  number o f  b r a z e d  
j o i n t s  i n  t h e  SPDE was a r e s u l t  o f  t h e  d e c i s i o n  t o  
use s t a n d a r d  t u b e  and s h e l l  h e a t  e x c h a n g e r s .  Each 
b r a z e  j o i n t  r e p r e s e n t s  a p o t e n t i a l  s i n g l e  p o i n t  
f a i l u r e .  The p r e l i m i n a r y  d e s i g n  o f  t h e  SSE i s  c u r -  
r e n t l y  b e i n g  p e r f o r m e d  b y  M e c h a n i c a l  T e c h n o l o g y  
I n c o r p o r a t e d  ( M T I )  o f  Latharn, NY,  u n d e r  c o n t r a c t  
t o  NASA L e w i s  R e s e a r c h  C e n t e r .  
T h i s  r e p o r t  p r e s e n t s  a b r l e f  d e s c r i p t i o n  o f  
t h e  d e s i g n ,  f a b r i c a t i o n .  and o p e r a t i o n  of t h e  h e a t  
exchanger  m o d u l e s .  E v a l u a t i o n  o f  t h e  i n d i v i d u a l  
h e a t  p i p e s  b e f o r e  b e i n g  i n s t a l l e d  o n  t h e  e n g i n e  i s  
a l s o  d e s c r i b e d .  R e s u l t s  f r o m  t h e  i n i t i a l  t e s t  r u n s  
a r e  p r e s e n t e d  and d i s c u s s e d .  
1 
MODULAR HEAT EXCHANGER CONCEPT 
The m o d u l a r  h e a t  exchanger  c o n c e p t  was p r o -  
posed for use i n  t h e  SSE i n  an e f f o r t  t o  r e d u c e  t h e  
number o f  c r i t i c a l  j o i n t s  t h a t  form t h e  p r e s s u r i z e d  
b o u n d a r y  o f  t h e  e n g i n e .  Each modu le  c o n t a i n s  ( 1 )  a 
h e a t  exchanger  used  t o  t r a n s f e r  h e a t  to  t h e  w o r k i n g  
f l u i d  o f  t h e  e n g i n e ,  ( 2 )  a r e g e n e r a t o r ,  and ( 3 )  a 
c o o l e r  t o  remove was te  h e a t  f r o m  t h e  c y c l e .  A h e a t  
p i p e  was p r o p o s e d  as  t h e  h e a t  t r a n s p o r t  d e v i c e  used  
t o  d e l i v e r  h e a t  t o  t h e  modu le .  E v a l u a t i o n  o f  t h e  
m o d u l a r  c o o l e r  was not i n c l u d e d  i n  t h i s  p r o j e c t .  
F i g u r e  1 shows a model o f  one  h e a t  exchanger  
modul e .  
A d e c i s i o n  r e g a r d i n g  t h e  g e n e r a l  t y p e  o f  h e a t  
exchanger  t o  b e  used  i n  t h e  SSE was r e q u i r e d  e a r l y  
i n  t h e  p r e l i m i n a r y  d e s i g n  e f f o r t .  The t u b e  and 
s h e l l  c o n c e p t ,  t h e  m o d u l a r  h e a t  e x c h a n g e r s ,  a l o n g  
w i t h  o t h e r  c a n d i d a t e s  were  b e i n g  c o n s i d e r e d .  
Because t h e  SSE p r e l i m i n a r y  d e s i g n  e f f o r t  c o u l d  
l e a d  t o  a l o n g  t e r m  commi tment  t o  a p a r t i c u l a r  h e a t  
e x c h a n g e r ,  a p r o t o t y p e  t e s t  p r o g r a m  i n v o l v i n g  modu- 
l a r  h e a t  e x c h a n g e r s  w o u l d  b e  i n  t h e  b e s t  i n t e r e s t  
o f  t h e  o v e r a l l  SSE p r o j e c t .  A t e s t  u s i n g  an e x i s t -  
i n g  f a c i l i t y  a l o n g  w i t h  e x i s t i n g  e n g i n e  ha rdware ,  
t o  d e m o n s t r a t e  t h e  m o d u l a r  h e a t  exchanger  c o n c e p t ,  
was d e v e l o p e d .  T h i s  t e s t  was d e s i g n e d  t o  p r o v i d e  
m o d u l a r  h e a t  exchanger  t e s t  d a t a  a t  a v e r y  s m a l l  
c o s t  i n  a t i m e l y  manner ,  long b e f o r e  a commi tment  
t o  a p a r t i c u l a r  h e a t  exchanger  was made. 
HEAT EXCHANGER MODULE TEST ENGINE 
E x i s t i n g  h a r d w a r e  f r o m  t h e  RE-1000 FPSE was 
u s e d  a s  t h e  b a s i s  f o r  t h e  h e a t  e x c h a n g e r  modu le  
t e s t  r i g .  S e n s i t i v i t y  t e s t s  i n v o l v i n g  t h e  RE-1000 
were  d e s c r i b e d  i n  R e f .  5 .  A s  was t h e  c a s e  w i t h  t h e  
RE-1000. t h i s  e n g i n e  was d e s i g n e d  t o  o p e r a t e  a t  
7.0 MPa h e l i u m  mean p r e s s u r e ,  a n d  a t  30 Hz e n g i n e  
f r e q u e n c y .  
The d e s i g n  a n d  f a b r i c a t i o n  o f  t h e  h e a t  
e x c h a n g e r  modu les  and  e n g i n e  components  were  
p e r f o r m e d  b y  Sunpower I n c . ,  o f  A t h e n s ,  OH, u n d e r  
c o n t r a c t  t o  NASA L e w i s .  Thermacore  I n c . ,  o f  
L a n c a s t e r .  PA, p e r f o r m e d  t h e  h e a t  p i p e  d e s i g n ,  fab- 
r i c a t i o n ,  a n d  p r o c e s s i n g .  W h i l e  t h e  SSE c o n c e p t u a l  
d e s i g n  c o n t a i n e d  40 modu les  a r o u n d  t h e  e n g i n e  c y l -  
i n d e r ,  t h r e e  modu les  a r o u n d  t h i s  s m a l l e r  e n g i n e  
s i m u l a t e  t h e  SSE modu le  t h e r m a l  l o a d  w i t h i n  a c c e p t -  
a b l e  l i m i t s .  A c u t a w a y  o f  t h e  e n g i n e  i s  shown i n  
F i g .  2 .  
S l o t s  embedded i n  t h e  w a l l  o f  t h e  condensers  
o f  t h e  h e a t  p i p e s  a c t  as  t h e  h e l i u m  passages  form- 
i n g  t h e  h e a t e r  o f  t h e  e n g i n e .  A d j a c e n t  t o  t h e  
e n g i n e  h e a t e r  s e c t i o n  o f  t h e  modu le  i s  t h e  r e g e n e r -  
a t o r  c a v i t y .  Any o n e  o f  s e v e r a l  d i f f e r e n t  t y p e s  o f  
r e g e n e r a t o r s  can  b e  i n s t a l l e d  i n  t h i s  c a v i t y . .  The 
c a v i t y  can  b e  c o m p l e t e l y  f i l l e d  w i t h  t h e  r e g e n e r a -  
tor m a t r i x ,  or as was t h e  case  i n  t h e  NASA L e w i s  
t e s t s ,  a n  a n n u l a r  r e g e n e r a t o r  can  b e  used .  The 
a n n u l a r  r e g e n e r a t o r  was chosen  because i t  was l e s s  
s u s c e p t i b l e  t o  f l o w  m a l d i s t r i b u t i o n  fo r  t h i s  p a r -  
t i  c u l  a r  g e o m e t r y .  
i n  t h e  s e n s i t i v i t y  t e s t  r e s u l t s  were  a t  600 O C  
The h i g h e s t  t e m p e r a t u r e  d a t a  p o i n t s  r e p o r t e d  
a v e r a g e  h e a t e r  t u b e  t e m p e r a t u r e .  3ecause ssd ium 
i s  used  f o r  t h e  l i q u i d  m e t a l  n e a t  transpo1.T sys tem 
i n  t h e  SSE, i t  was a l s o  used i n  t h e  t e s t  modu les .  
Most t e s t s  w i l l  b e  c o n d u c t e d  a t  t e m p e r a t u r e s  
be tween  5 2 7  OC (800 K )  and 6 7 7  OC: !950 K ) .  S p e c i a l  
t e s t s  have  been p l a n n e d  r i  t h  :he e v a p o r a r o r  :emper- 
a t u r e  r a n g i n g  as  h i g h  as 7 7 7  "C ( 1 0 5 0  K )  for s n o r t  
p e r i o d s .  D u r i n g  t h e  s e n s i t i v i t y  t e s t s  t h e  maxirrium 
power o u t p u t  was a p p r o x i m a t e l y  1500 W .  Because tr:e 
m o d u l a r  h e a t  e x c h a n g e r s  were d e s i g n e d  t o  o p e r a t e  a t  
h i g h e r  t e m p e r a t u r e s  t h a n  i n  pas: RE-1900 t e s t s ,  t h e  
e n g i n e  s h o u l d  be c a p a b l e  of p r o d u c i n g  n e a r l y  2000 W 
o f  i n d i c a t e d  power .  
Due to t h e  n a t u r e  of t h i s  r e s e a r c h  and t h e  
t e s t  f a c i l i t y  e n v i r o n m e n t ,  t h e  d e s i g n  p h i l o s o p h y  
used  i n  t h i s  p r o j e c t  r e q u i r e d  t h e  h e a t  p i p e s  and 
h e a t  e x c h a n g e r s  t o  be made more r u g g e d  t h a n  t h e  
e v e n t u a l  space f l i g h t  h a r d w a r e .  The h e a t  p i p e s  and 
t h e  modu les  i n  g e n e r a l  d o  n o t  r e p r e s e n t  a d e s i g n  
o p t i m i z e d  f o r  h i g h  p e r f o r m a n c e  or minimum rna:s, b u t  
r a t h e r  a d e s i g n  w i t h  a h i g h  p r o b a b i l i t y  o f  success -  
f u l  and sa fe  o p e r a t i o n .  The w a l l s  of t h e  h e a t  
p i p e s  were  s i z e d  such  t h a t  t h e y  c o u l d  w i t h s t a n d  
f u l l  e n g i n e  p r e s s u r e  i n  t h e  e v e n t  of a l e a k  i n  t h e  
h e a t  e x c h a n g e r  t h a t  a l l o w e d  t h e  p r e s s u r i z e d  h e l i u m  
i n t o  t h e  h e a t  p i p e .  These somewhat t h i c k e r  w a l l s  
r e q u i r e  a h i g h e r  t e m p e r a t u r e  d r o p  t o  d r i v e  t h e  h e a t  
i n t o  t h e  sod ium a l o n g  w i t h  a n o t h e r  t e m p e r a t u r e  d r o p  
as  t h e  h e a t  i s  t r a n s f e r r e d  f rom t h e  sod ium t o  t h e  
e n g i n e  w o r k i n g  f l u i d .  
e x c e s s  w o r k i n g  f l u i d .  T h i s  e x c e s s  i s  i n  t h e  form 
o f  a l i q u i d  p o o l .  aecause o f  t h e  v a r i a t i o n  i n  t h e  
d e n s i t y  o f  t h e  v a p o r ,  t h e  amount of e x c e s s  l i q u i d  
w i l l  change as  t h e  v a p o r  t e m p e r a t u r e  changes .  I n  
a z e r o  g r a v i t y  e n v i r o n m e n t  t h e  e x c e s s  f l u i d  has a 
t e n d e n c y  t o  a c c u m u l a t e  a t  t h e  condenser  of t h e  h e a t  
p i p e .  
form o f  i n v e n t o r y  c o n t r o l ,  however  t h i s  was n o t  
a t t e m p t e d  i n  t h i s  t e s t  p rog ram.  
The h e a t  exchanger  modu le  t e s t  e n g i n e  i s  
shown i n  t h e  t e s t  c e l l  i n  F i g .  3 .  and  a c l o s e r  
v i e w  o f  t h e  modu les  i s  shown i n  F i g .  4 .  The evap-  
o r a t o r s  o f  t h e  t h r e e  h e a t  p i p e s  a r e  l o c a t e d  above 
t h e  c o n d e n s e r s  and  t h e r e f o r e ,  due t o  t h e  f l u i d  
f o r c e s  and g r a v i t a t i o n a l  f o r c e s ,  t h e  e x c e s s  l i q u i d  
w i l l  a c c u m u l a t e  a t  t h e  end  o f  t h e  c o n d e n s e r s  o f  
t h e  h e a t  p i p e s .  I n  t h i s  case  t h e  l i q u i d  pool w i l l  
b e  a d j a c e n t  t o  t h e  r e g e n e r a t o r .  L i q u i d  sod ium has 
a p p r o x i m a t e l y  t h e  same t h e r m a l  c o n d u c t i v i t y  a s  t h e  
s t a i n l e s s  s t e e l  h e a t  exchanger  b o d y .  The p r e s e n c e  
of r e l a t i v e l y  low t h e r m a l  c o n d u c t i v i t y  l i q u i d  
sod ium p o o l  a t  t h e  end o f  t h e  e n g i n e  h e a t e r  
i n c r e a s e s  t h e  o v e r a l l  t h e r m a l  r e s i s t a n c e  of t h e  
h e a t  exchanger  and hence  compromises  i t s  
e f f e c t i v e n e s s .  
The t e s t  s t a n d  and m o u n t i n g  b r a c k e t s  for  :he 
e n g i n e  were  d e s i g n e d  so t h a t  t h e  e n t i r e  e n g i n e  
c o u l d  be i n v e r t e d  and o p e r a t e d  w i t h  t h e  condensers  
of t h e  h e a t  p i p e s  above t h e  e v a p o r a t o r s .  I n  t h i s  
g r a v i t y  a s s i s t e d  mode o f  o p e r a t i o n ,  t h e  excess  l i a -  
u i d  sod ium i n v e n t o r y  s h o u l d  c o l l e c t  as  a pool i n  
t h e  e v a p o r a t o r .  The condenser  w i l l  t h e r e f o r e  have 
n o  e x c e s s  l i q u i d  t o  i n h i b i t  h e a t  t r a n s f e r  t o  t h e  
e n g i n e  w o r k i n g  f l u i d ,  and  s h o u l d  a l l o w  h e a t  t o  be 
H e a t  p i p e s  t y p i c a l l y  c o n t a i n  some amount of 
T h i s  c o u l d  p o t e n t i a l l y  b e  a l t e r e d  b y  some 
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t r a n s f e r r e d  e f f e c t i v e l y  t o  t h e  h e l i u m  w o r k i n g  f l u i d  
o f  t h e  e n g i n e  a l o n g  t h e  e n t i r e  l e n g t h  of t h e  h e l i u m  
f low passages .  A n o t i c e a b l e  e f f e c t  o n  t h e  tempera-  
t u r e  g r a d i e n t  o f  t h e  h e a t e r  n e a r  t h e  r e g e n e r a t o r  i s  
a n t i c i p a t e d .  A s e r i e s  o f  t h e r m o c o u p l e s  have  been 
l o c a t e d  i n  t h e  w a l l  o f  t h e  h e a t e r  n e a r  t h e  r e g e n e r -  
a t o r  t o  a l l o w  t h i s  change t o  be measured.  
The h e a t  p i p e s  were  d e s i g n e d ,  f a b r i c a t e d ,  and 
p r o c e s s e d  b y  Thermacore .  These h e a t  o i p e s  use  a 
s i n t e r e d  powder  m e t a l  w i c k  w i t h  two a r t e r i e s  p e r  
p i p e .  F i g u r e  5 shows a c u t a w a y  v i e w  o f  one of t h e  
h e a t  p i p e s .  , A l t h o u g h  t h e  p i p e s  a r e  c a p a b l e  o f  
o p e r a t i n g  w i t h  o n l y  one  a r t e r y ,  t h e  second a r t e r y  
was i n c o r p o r a t e d  t o  p r o v i d e  a d e g r e e  o f  r e d u n d a n c y .  
The h e a t  p i p e s  were  e v a l u a t e d  s e v e r a l  t i m e s  d u r i n g  
t h e  f a b r i c a t i o n  p r o c e s s  t o  v e r i f y  t h e i r  p e r f o r m -  
ance  r e l a t i v e  t o  t h e  d e s i g n  s p e c i f i c a t i o n s .  The 
e v a l u a t i o n  was done w i t h  t h e  e v a p o r a t o r s  above t h e  
c o n d e n s e r s  i n  o r d e r  t o  v e r i f y  t h e  a b i l i t y  o f  t h e  
w i c k  and a r t e r i e s  t o  o p e r a t e  a g a i n s t  g r a v i t y .  A 
w a t e r  c o o l e d  gas  gap c a l o r i m e t e r  was mounted a r o u n d  
t h e  condenser  and  u s e d  as  t h e  t h e r m a l  l o a d .  The 
t e m p e r a t u r e  o f  each h e a t  p i p e  was v a r i e d  as  t h e  
t e s t  p r o c e e d e d .  These t e s t s  v e r i f i e d  t h e  h e a t  f l u x  
c a p a b i l i t y  o f  t h e  h e a t  p i p e s  and  t h e  e x p e r i m e n t a l  
s o n i c  l i m i t  o f  t h e  h e a t  p i p e s  a g r e e d  w i t h  t h e  ana- 
l y t  i c a  l p r e d  i c t i o n s  . 
TEST PLANS 
C u r r e n t  p l a n s  a r e  t o  c h a r a c t e r i z e  t h e  h e a t  
e x c h a n g e r s  w i t h  e v a p o r a t o r s  above  t h e  condensers  
as  t h e  b a s e l i n e  c a s e ,  and  t h e n  i n v e r t  t h e  e n t i r e  
e n g i n e  and  r e p e a t  t h e  t e s t  m a t r i x .  The t e s t  m a t r i x  
has  been  k e p t  r e l a t i v e l y  s m a l l  i n  an e f f o r t  t o  make 
t h e s e  t e s t s  more  t i m e l y .  E n g i n e  p e r f o r m a n c e  w i l l  
be s t u d i e d  and compared t o  compu te r  p r e d i c t i o n s .  
More  s p e c i f i c a l l y ,  t h e  t e m p e r a t u r e  g r a d i e n t  o f  t h e  
r e g e n e r a t o r  end  o f  t h e  h e a t e r  w i l l  be measured f o r  
b o t h  o r i e n t a t i o n s  and compared t o  p r e d i c t i o n s  from 
s e v e r a l  d i f f e r e n t  compu te r  s i m u l a t i o n s .  
O t h e r  t e s t s  have been  p r o p o s e d  f o r  t h i s  e n g i n e  
t h a t  a r e  n o t  d i r e c t l y  r e l a t e d  to t h e  use  o f  h e a t  
p i p e s  or  m o d u l a r  h e a t  e x c h a n g e r s .  E f f e c t s  o f  s e a l  
c l e a r a n c e s ,  h e a t  exchanger  m a n i f o l d i n g ,  c e n t e r  p o r t  
s y s t e m s ,  and o t h e r  p a r a m e t e r s  may be s t u d i e d . '  I f  
t h e  need  a r i s e s ,  a l t e r n a t e  h e a t  p i p e  and m o d u l a r  
h e a t  exchanger  d e s i g n s  can be t e s t e d .  The p r e s e n t  
s e t  o f  m o d u l a r  h e a t  e x c h a n g e r s  a r e  m e c h a n i c a l l y  
a t t a c h e d  t o  t h e  e n g i n e  and can be removed and 
r e i n s t a l l e d .  
TEST RESULTS 
The e n g i n e  was i n i t i a l l y  o p e r a t e d  i n  September  
1988.  L i m i t e d  t e s t i n g  has  been  p e r f o r m e d  w i t h  t h e  
h e a t  p i p e  e v a p o r a t o r  t e m p e r a t u r e s  r a n g i n g  from 8 7 5  
t o  1050 K .  A l l  o f  t h e  t e s t i n g  t o  d a t e  has  been  
w i t h  t h e  e v a p o r a t o r s  p h y s i c a l l y  l o c a t e d  above t h e  
c o n d e n s e r s .  
The i n i t i a l  g o a l s  o f  t h e s e  t e s t s  were  t o  
d e m o n s t r a t e  t h e  f e a s i b i l i t y  o f  t h e  m o d u l a r  h e a t  
exchanger  and t o  p r o v i d e  o p e r a t i o n a l  e x p e r i e n c e  
w i t h  m o d u l a r  h e a t  e x c h a n g e r s  o n  a n  e n g i n e  u s i n g  
l i q u i d  m e t a l  h e a t  p i p e s .  These g o a l s  have  been  
a c c o m p l i s h e d  and o p e r a t i o n  o f  t h e  m o d u l a r  h e a t  
exchanger  has been d e m o n s t r a t e d .  P e r f o r m a n c ?  r,f 
t h e  e n g i n e  w i t h  t h e  modu les  i s  c u r r e n t l y  b e i n g  
s t u d i  e d .  
D u r i n g  t h e s e  t e s t s .  t h e  e n g i n e  ha; n o t  Seen 
o p e r a t e d  a t  c o n d i t i o n s  n e c e s s a r y  t o  p r o d u c e  Taximcm 
power ,  y e t  t h e  t h e r m a l  l o a d i n g  i n  t h e  h e a t  p i p e s  
and  h e a t  exchangers  has  v e r i f i e d  f e a s i b i l i t y  o f  t h e  
m o d u l a r  d e s i g n  and a g r e e d  w e l l  w i t h  p r e d i c t e d  p e r -  
f o r m a n c e .  The r e d u c e d  Dower o u t p u t  o f  t h e  e n g i n e  
has been caused b y  a s h o r t  d i s p l a c e r  s t r o k e .  T h i s  
r e d u c e d  d i s p l a c e r  s t r o k e  causes  t h e  D r e s s u r e  phase 
a n g l e  t o  d e c r e a s e .  E x c e s s i v e  l e a k a g e  from t h e  d i s -  
p l a c e r  gas s p r i n g  or i m p r o p e r  damping  w i t h i n  t h e  
h e a t  exchanger  f low p a t h  may be t h e  cause of t h e  
r e d u c e d  s t r o k e .  Because t h i s  d i s p l a c e r  u t i l i z e s  
wear  c o u p l e s  i n s t e a d  o f  gas b e a r i n g s ,  a s m a l l  
amount o f  wear i s  e x p e c t e d  i n  t h e  d i s p l a c e r  gas 
s p r i n g  w i t h  u s e .  E n g i n e  p e r f o r m a n c e  w i l l  i m p r o v e  
as t h e  t e s t  p r o g r a m  c o n t i n u e s  w i t h  components  
b e i n g  upgraded  as  needed.  
Measured and  c a l c u l a t e d  t e m p e r a t u r e  p r o f i l e s  
a l o n g  t h e  h e a t  p i p e  a r e  i n  a g r e e m e n t .  F i g u r e  6 
shows a c o m p a r i s o n  o f  t h e  measured and  c a l c u l a t e d  
t e m p e r a t u r e s  f o r  one of t h e  d a t a  p o i n t s  r e c o r d e d .  
Based o n  t h e  t h e r m a l  e n e r g y  b e i n g  t r a n s p o r t e d  
t h r o u g h  t h e  h e a t  p i p e ,  t e m p e r a t u r e  d r o p s  a t  b o t h  
t h e  e v a p o r a t o r  and condenser  were  c a l c u l a t e d .  The 
t e m p e r a t u r e  d r o p s  t h r o u g h  t h e  s t a i n l e s s  s t e e l  w a l l  
and t h e  s a t u r a t e d  w i c k  have  been t a k e n  i n t o  
a c c o u n t .  A c o r r e l a t i o n  p u b l i s h e d  i n  R e f .  6 was 
used f o r  t h e  t h e r m a l  r e s i s t a n c e  o f  t h e  s i n t e r e d  
powder  m e t a l  w i c k .  T h i s  c o r r e l a t i o n  i s  a f u n c t i o n  
o f  r e s i s t i v i t y  o f  t h e  sod ium and t h e  w i c k  m a t e r i a l .  
The summat ion  o f  t h e  e v a p o r a t o r  and condenser  tem- 
p e r a t u r e  d r o p s  were  compared t o  t h e  measured v a l u e .  
d r o p  w h i l e  t h e  measured v a l u e  was 7 9  "C. The c a l -  
c u l a t i o n  assumed t h a t  v a p o r  w i t h i n  t h e  h e a t  p i p e  
a c t e d  i s o t h e r m a l l y .  I n  r e a l i t y  t h e r e  was some 
s m a l l  p r e s s u r e  and t e m p e r a t u r e  d r o p  i n  t h e  sod ium 
v a p o r .  The d a t a  p o i n t  chosen  f o r  t h i s  example  was 
n o t  n e a r  t h e  s o n i c  l i m i t ,  t h e r e f o r e  a v a p o r  temper -  
a t u r e  d r o p  o f  10 O C  i s  q u i t e  p l a u s i b l e  [ 6 1 .  
A l t h o u g h  t h i s  a s s u m p t i o n  was r e a s o n a b l e  a t  t h e  con- 
d i t i o n s  o f  t h e  sample  d a t a  p o i n t ,  i t  w o u l d  n o t  be 
a p p r o p r i a t e  were  t h e  h e a t  p i p e  o p e r a t i n g  a t  t h e  
s o n i c  l i m i t .  
The c a l c u l a t i o n  p r e d i c t s  a 6 9  O C  t e m p e r a t u r e  
A n a l y s i s  o f  t h e  d a t a  a l s o  s u g g e s t s  t h a t  t h e  
measured t e m p e r a t u r e s  may be i n  e r r o r  b y  u p  t o  
20 O C  due t o  a g i n g  e f f e c t s  o f  t h e  t y p e  K t he rmocou-  
p l e s .  The i n t e g r i t y  o f  t h e  t h e r m o c o u p l e s  and t h e  
i n s t a l l a t i o n  t e c h n i q u e s  used  a r e  b e i n g  e v a l u a t e d .  
A p p r o p r i a t e  c o r r e c t i o n s  w i l l  be made and q u a l i t y  
measurements  o f  t h e  t e m p e r a t u r e  p r o f i l e s  o f  t h e  
h e a t  p i p e ,  t h e  h e a t  e x c h a n g e r ,  and t h e  e n g i n e  work -  
i n g  gas w i l l  be made i n  f u t u r e  r u n s .  
W i t h  t h e s e  r e s u l t s ,  t h e  p e r f o r m a n c e  o f  s i m i l a r  
h e a t  t r a n s p o r t  sys tems  can  be e v a l u a t e d .  T h i s  Com- 
p a r i s o n  was based  o n  b u l k  t e m p e r a t u r e  a t  each end 
o f  t h e  h e a t  p i p e  and does n o t  l o o k  a t  t h e  tempera -  
t u r e  g r a d i e n t  a n t i c i p a t e d  a t  t h e  c o n d e n s e r ,  causeO 
b y  t h e  n o n u n i f o r m  t h e r m a l  d raw o f  t h e  e n g i n e .  
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SUMMARY 
Conceptual  des ign  o f  an advanced FPSE f o r  
space power a p p l i c a t i o n ,  t h e  SSE. proposed t h e  use 
o f  a new concept i n  hea t  exchanger des ign  which 
r e p l a c e d  conven t iona l  t ube  and s h e l l  hea t  exchang- 
e r s .  The SSE rep resen ts  an advance i n  techno logy  
from the  377 O C  (650 K )  SPDE toward  t h e  techno logy  
needed for  the  1027 "C (1300 K) eng ine .  The new 
hea t  exchanger module concept  was o f f e r e d  as a 
means o f  d r a s t i c a l l y  r e d u c i n g  t h e  number o f  c r i t i -  
c a l  j o i n t s  i n  t h e  hea t  exchanger assembly.  
t h e  SSE p r e l i m i n a r y  des ign  t a s k  r e q u i r e s  cho ice  o f  
a hea t  exchanger concept  t h a t  w i l l  have l o n g  l a s t -  
i n g  i m p l i c a t i o n s ,  a r e l a t i v e l y  low c o s t ,  near  te rm 
demons t ra t i on  o f  t h e  hea t  exchanger concept  was 
under taken t o  b e n e f i t  t h e  o v e r a l l  program. 
An eng ine  was des igned w i t h  modular hea t  
exchangers wh ich  s i m u l a t e d  t h e  o p e r a t i n g  cond i -  
t i o n s  o f  t he  SSE.  The t e s t  eng ine  used o n l y  t h r e e  
hea t  exchanger modules i n s t e a d  o f  t h e  40 t h a t  would 
be r e q u i r e d  f o r  t h e  proposed SSE des ign ;  however, 
t h e  o p e r a t i n g  c o n d i t i o n  o f  each module was t h e  same 
as on the  S S E .  The t h r e e  modules, a l o n g  w i t h  o t h e r  
necessary  hardware, were b u i l t  and eng ine  t e s t i n g  
s t a r t e d .  
S ince  
The concept  o f  modular hea t  exchangers w i t h  
i n t e g r a l  hea t  p i p e s  has opera ted  s u c c e s s f u l l y  on 
t h e  eng ine .  
p i p e s  agree w e l l  w i t h  t h e  a n a l y t i c a l  models.  
p e r a t u r e  drops  and t h e  c o n d i t i o n s  a t  wh ich  the  
Measured c h a r a c t e r i s t i c s  o f  t h e  hea t  
Tem- 
son ic  l i m i t  i s  encountered a l s o  agree w i t h  models.  
These t e s t s  have e s t a b l i s h e d  f e a s i b i l i t y  o f  t he  
modular hea t  exchanger concept  for  use i n  f u t u r e  
FPSE des igns .  The eng ine  i s  c u r r e n t l y  o p e r a t ' n g  
a t  reduced power l e v e l s .  T e s t i n g  w i l l  c o n t i n u e  as 
improvements a r e  made t o  t h e  hardware :o inc rease  
t h e  performance. 
REFERENCES 
1 .  L .B.  Penswick.  "1050 K S t i r l i n g  Space Engine 
Des ign , "  NASA CR-182149, 1988. 
2 .  J.G. S laby ,  "Overview o f  the  1985 NASA Lewis 
Research Center  SP-100 F ree -P is ton  S t i r l i n g  
Engine A c t i v i t i e s , "  NASA TM-87028, 1985. 
3 .  J.G. S laby ,  "1988 Overview o f  F ree -P is ton  
S t i r l i n g  Technology f o r  Space Power a t  t h e  
NASA-Lewi s Research Center , "  NASA TM-100795, 
1988. 
4 .  D.L. A l g e r ,  "Progress  Toward t h e  E v o l u t i o n  of  
a S t i r l i n g  Space Engine,"  SAE Paper 880545, 
NASA TM-100221, 1988. 
5. J.G. S c h r e i b e r ,  S . M .  Geng, G . V .  Lorenz ,  
"RE-1000 F ree -P is ton  S t i r l i n g  Engine T e s t  
R e s u l t s , "  DOE/NASA/1005-11. NASA TM-88846, 
1986. 
6 .  P.D. Dunn, and D . A .  Reay, Heat P ipes ,  3 r d  
e d i t i o n ,  Pergamon Press ,  New York .  1982. 
..""I--. 
COOLER-REGENERATOR- 
F IGURE 1. - S T I R L I N G  MDULAR HEAT EXCHANGER ASSEMBLY. 
- . 
ORIGINAL PAGE 
BLACK AND WHITE PHOTOGRAPH 
4 
FIGURE 2. - CUTAWAY OF HEAT EXCHANGER TEST ENGINE. 
I 
C-88-0672 
FIGURE 3. - HEAT EXCHANGER TEST ENGINE BEING READIED FOR TESTING. 
OR!GfNAC PAGE 5 BLACK AND WHITE PHOTOGRAPH 





702 OC J' 
1 
r HEAT PIPE EVAPORATOR CONNECTION TO 
EXPANSION SPACE7 
r GAS MANIFOLD 
- REGENERATOR 
F16uIE 5. - C(WPOWUIT LAYOUT OF A HEAT O(CHAWGER IWIWLE. 
PREDICTED 
702 OC c 
11 OC AT (WALL) 
6 OC AT (WICK) 
1759 
WATTS 
12 OC AT (WICK) 
40 OC AT (WALL) 1 
6 9  OC AT (TOTAL) 
623  OC 
HEAT EXCHANGER MODULE ELECTRIC ANALOG 
FIGURE 6. - COMPARISON OF THE CALCULATED AND MEASURED TERPER- 
ATURE DROP ALONG THE HEAT PIPE. 
ORIGINAL PAGE 6 BLACK AND WHITE PHOTOGRAPH 
National Aeronautics and l -  Space Administration 
1. Report No. 
NASA TM- 102097 
Report Documentation Page 
2. Government Accession No. 




Heat pipe engine 
7. Author(s) 
Jeffrey G. Schreiber 
9. Performing Organization Name and Address 
National Aeronautics and Space Administration 
Lewis Research Center 
Cleveland, Ohio 44135-3191 
18. Distribution Statement 
Unclassified -Unlimited 
Subject Category 85 
12. Sponsoring Agency Name and Address 
National Aeronautics and Space Administration 
Washington, D.C. 20546-0001 
15. Supplementary Notes 
21. No of pages 19. Security Classif. (of this report) 20. Security Classif. (of this page) 
Unclassified Unclassified 8 
3. Recipient's Catalog No. 
22. Price' 
A02 
5.  Report Date 
6. Performing Organization Code 
8. Performing Organization Report No. 
E-4859 
10. Work Unit No. 
586-01-1 1 
11. Contract or Grant No. 
13. Type of Report and Period Covered 
Technical Memorandum 
14. Sponsoring Agency Code 
Prepared for the 24th Intersociety Energy Conversion Engineering Conference cosponsored by the IEEE, AIAA, 
ANS, ASME, SAE, ACS, and AIChE, Washington, D.C., August 6-11, 1989. 
16. Abstract 
As part of the Civil Space Technology Initiative (CSTI) Advanced Technology program, a conceptual design of 
the Stirling space engine (SSE) was generated. The overall goal of the CSTI high capacity power element is to 
develop the technology base needed to meet the long duration, high capacity power requirements for future 
NASA space missions. The free-piston Stirling engine (FPSE) has been chosen as the growth option in the CSTI 
program. A major goal during the conceptual design of the SSE was to reduce the number of critical joints. One 
area of concern was the heat exchanger assemblies that typically have the majority of critical joints. The solution 
proposed in the SSE conceptual design used 40 modular heat exchangers. Each module has its own integral heat 
pipe to transport heat from the heat source to the engine. A demonstration of the modular concept was 
undertaken before committing to the detailed design of the SSE heat exchangers. An existing FPSE was modified 
as a test bed for modular heat exchanger evaluation. The engine incorporated three heat exchanger modules, each 
having a sodium filled heat pipe. The thermal loading of these modules was intended to be similar to the 
conditions projected for the SSE modules. The engine was assembled and tests are underway. This paper briefly 
describes the design and fabrication of the heat exchanger modules and the engine used for these tests. Evaluation 
of the individual heat pipes before installation in the engine is described. The initial test results with the modules 
in operation on the engine are presented. Future tests involving the engine are outlined. 
*For sale by the National Technical Information Service, Springfield, Virginia 221 61 NASA FORM 1626 OCT 86 
